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SPS [NVIRONN[kTAL EFFECIS UN THE UPPER Atmosphere

Lewis N. Duncan
University of Caltforr:a

Los Alamos National Scientific Laboratory
LOS Alamo$, New Mexico 87545

Abstract

This paper reviews the ionospheric effeCtS
and associated environmental Impacts which may
he produced during the construction ar,dopera-
ticn of a solar power satelllte system. Propel-
lant emissions from heavy lift-launch vehicles
are predtcteo to cause w{de-spreaci ionospheric
depletions in electron and ion densities. Col-
lislonal damping of th~ rfcrowave power beam +n
thp lower ionosphere can sfqnlff:antly enhance
the local free electron temperatures. Thermal
self-focusina of the power beam in the tw!o-
spherr ray exctte variations In the beam power-
flu$ dens{ty and create large-scale field-
ellgned electron denstty Irregularities. These
lar~c-scale frrecjularttlesm~y also tr’9fer the
formatfon of small-scale plasma strltitlons.
lonosDherlcmodifications can leaj to the devel-
opment of potentially serious telecommunications
and clfmate impacts, A comprehensive research
progran ts being condl!cted to und~rstanrlthe
physical tnts!ractionsdrlvlng these lonosphertc
effects and to determine the scope and magnitude
of the associated environmental impacts.

introduction——

The solar power satellite (SPS) concept pro-
poses to collect soler eneroy in space and
mfcrowave beam this ~n~rgy to ground-based

,Iectrlcal pow?rl ‘hY&M:ncY ~%~r%;:
r~cefving antenna

pow~r stt?llftes, @ach genera+,ing5 to 10 GW of
power, could make # substisnttalcontribution to-
ward satisfying our future ~ntrgy nmds. The US
Dtpartnwnt of Energy is turr~ntly dfr~ctfng
research programs to determin@ the feas{bll{ty
of e satellite power system.

The lonosph~rc Is frequently defined as that
part of tht ●ar’tn’suppw atmosphere wher~ fre~
elactrons ~xfst in sufftcimt numbers to tff~ct
radio-wave propagation. Numerous t~lccomnunlca-
tions tyst~ms rtly on Ionosphtrfc r~fl~cttons or

transionospherfc propagation as part of their
communications signal path. Any system which
can significantly modify the ionosphere has the
potential to proluce wide-ranging telecom!wnica-
tlons Interference. In addltlon, the rele of
Che ionosphere 1P solar-terrestrial coupllng and
clfmate change is just beginnint to be investi-
gated. This paper explores the potential iono-
spheric disturbances bnd assoclatetl environ-
mental impacts accompanying the construction and
operation of a solar-power satelllte systen.

ConstructIon Imparts on the lon~sphere

Construction of a systep ot solar-nowcr
satellites retaufres many fl{chts of large
rockets called heavy-lift 1aunch vehicles
(HLLV).2 Powered flights of these large
hydrocJen-or hydrocarbon-burnlnq rockets could
cause temporary removal of ions and electrons
from the ionospheric F-regfon. At helQhts of
150 to 500 km, the normally occurrina @+ ions
transfer their charge to the combustion products
H O bnd CO , forming pOlyatOMIC ions that recom-

?b?nc raptd y wfth free electrons. Severe deple-
tions in ionospheric electpon-number density can
result. Thes* plasma depletions can produce
serious teletmnunicatfons effects and may
trfgger climate modifications. The proposed
HLLV launch trajectory currently involves on’y
llmited propellant emtssfons in the F-layw of
the ionosphere. The scope and megnltude of
&ssocibted ●nvironmental impdcts is being
invest{g~ted.

Ionospheric’Efftcts on SPS Overbtlon

The mfcrowave power btam responsible for
transmittlny Qnerw from spacv to the ground-
based rectennb 4s dnsfgned to operate at
2.45 Gkiz. Thfs frequency represents a conven-
ient compromfst between the ionosphere-microwave
Interactions the: are more easily excfted at
lower frequencies and the increased scattering
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losses from atmospheric hydrometers such as
rain and hail that occur for higher frequen-
cies. Although no major changes in this oper-
ating freauency are anticipated, small changes
may he made to reducQ interference zffect.son
other electromagnetic systems. An alternative
option of laser power transmission ?s also being
considered.

To avoid non?inesr ionospheric interactions,
thp maximum power flLx density within the SPS
;jc;fi;;~c beam was originally 1imited to

Therefore, to deliver 5 GW of power,
the downconing heatnwould have to b? at least
5 km in diameter. The rectenna, equdlly as
larce as the beam, then becones a substantial
par: of the SPS system cost (estimated at
approxi~ately 42:). Any significant change in
the ma!imum power-flux density in the microwave
bean results in an associated change in SPS cost
efficiency, The SPS e;onomics, thus, are
closely related to the ionosphere-microw~ve
interaction thresholds and the magnitude of
associated effects. A research program to
determ!ne these thresholds accurately and to
evaluate accompanying environmental impacts is
well underway.

In adUition to economic corlsideratiolls,the
ionosphere con Jlso affect the Y-ISoperational
performance. The dovncoming microwave power
bear is directed ontc the ground-based rectenna
by an upgoing pilot beam. This retrodirective
system operates at a frequency close to that of
the CIOWP’ bean and is centertd in the rec-
tenna. Thus, the up~oing pilot beam propagates
tbrouch the sane ionospheric plasma as does the
aowncocing power bean. Any disturbances gene-
rated in the ionosphere could then lead to pilot
bea~ scintillation or scattering, restiltingin
wandt,ringor defocusing of the microwave power
b,.an. A detailed study of beam c!ntrol is an
i!’iort.ntPart of the $PS ionospheric reseorch
protlran.

Microwave Beam Effects on th? Ionosphere

Electromagnetic radiation propagating
through th? ionosphere is collisionally dtmped
by free el?ctrons. For microwave f~erauencies,
tt’e fracti{m of wave r!nergy absorbed by the
plasma is expected to be @xtr&nely small.
Nevertheless, becaus~ this absorbed energy goes
directly tnto thr free electrons, which hav? a
very small effectfve heat cspacity, th~ result-
fng ohmic heating con significantly affect th~
local ionosphcr{c thermal budget. Ltrong rbdia-
tion con f/Iitl&te significant enhancwnents in
●lectron temperature, also affectinq ionospheric
aensittcs and structure, Furthermore@, the
resultthg thermal forc@$ can drive $dditi~nal
ionosphere-microwave interactions leadin~ to
betm Self-focusfng @nd the development of
ionospheric striations,

Most of the ch~nges in the ionosphere in-
duced by tht SPS microwtve beam are bclfevod to
be restricted to an area near the beam. Mow-
●vtr, evtn locslik~d .hdnges In ionospheric
structure, density, ar.d Mmpcrdture can cause
serious wide-rmglng telecomnun{cations ef-
f~cts. The magnit’Jdtitnclscopu of thesa eff@ctb
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depends both on the speCifiC telecommunications
system chariscteristicsand on the nature ot the
ionospheric disturbances. A vigorous research
program is underway to ●stablish the thresholds
for exciting nonlinear Ionosphere-microwave
Interactions, to determine the effects of these
interactions on the ionosphere, to define the
scope and magnitude of associated telecormunice.
tions impocts, and to devise mitigation strate-
gies to suppress their occurrence, if necessarY.

I{LLVPropellant EFissions

Depletion Chemistry

Ionospheric depletions in electron anc icn
densities are predicted to occur following HLLV
launches f r the construction o; solar-power
satellites.5 The +njection of rocket exhaust
products, prinarily H20 and H2, leads to an
enhancement of the effective electron-ion recom-
bination rate t~rough+the subs~itution of poly-
atomic ions H20 , H Q , and OH in place of the
normally occurring 8. The depletion effect is
apparently confined to the F;layer ionosphere
above 200-kn altltude where O is the dorinant
positive

fol1owed

Reaction
normally
tions

or

Reaction

ion. The main reactions are

0+ + H20 + H20+ + O (1)

by

H20++e-*H+OH . (2)

(1) is much faster than either of the
occurring F-layer charge trtinsferreac-

0++02+02++0 (3)

O++N2+NO++N, (4)

(;) is about 105 times faster than the
direct recombination of electrons with 07, viz:

I!Iaddition,
(2) can reac

()++ e-+o+hv . (5)

the OH radical formed in Reaction

which iS fo\
02+,

further wfth 0+,

O++ OH*02++H

owed by rapid neutral’

02+~ c- + O(lD) + O

* (6)

zation of the

. (7)

The O(lD) fs e metastable ~lcctronically exciteo
oxytlenatom that decays primarily by emission of
6300-A radiation,

As # result of these two cycles, each H20
moleculo can Induce raptd reccurbinationof two
electron-lon pairs, Similar proc?sses occur
with other conwnonrocket ~xheust products, such
6s Hz and C02.

The Spattal and temporal scal~ of the iono.
sphcrlc depletion is influenced by diffusion Ond
convection of the exhaust products from their



initial p~lnt of depos~tion. A portion of the
kater depcsited in the F-re@lon Ionosphere will
form ICP end fall to D-region ~lghts (65 to
90 km), whrre Its Interaction with the normal
Ionospheric chwistry is mch less S@rfOU~.
Uh?n th~ H2G COnC@ntratil along the rocket
tr~jectory has decreased by dlffu~lon to levels
:::~cP:$y nwml F-layer ion concentration

tbe local ionization should be
replaced b; sunliqht-induced photoionization of
atomic oxvoen in atw! four hours.

RPlpvnnt (%servbtlons

TFP launc~ @f Skylab 1 [Saturn V rocket,
lz3t L5T, 14 Pay 1973) involved an unusuall~
long seccnd-s?eqe burn through the ionospheric
F-rwgl:m. Nearly Sirwltanenus obserwatlcns of
tPF forrd ion of a large Ionospheric hole were
renerted. i The ionosph~rtc total-electron
ccluhh density was thserved to be reduced by 50:
cr mor~ cw~r a period commencing wlthln 10 min-
utes arter the launch and persisting for about 4
h~urs, ~S shown In Fig. 1. The deplet!on appar-
ertlv r~tendec over a reg~on appronindtely
2(J~ kr in rlia~eter, These observations were
made in the course of rout”rw Faraday rOtatlOn
measurements of VHF signals from geostationary
satellites s1S-3 anc -5, as obtained from the
s~g~pcre )Iill Radio observatory in Hamilton,
Ra%sachus@tts. The ionosphere may Mve re-
ccv~rt@ frc,rthe d?~letion in the observed four-
hcur event durdticr, or the hole structure may
s~Iply have tjrif[ed beyond the observational
line-cf-siaFt. in eithw case, the large deple-
tlon in ionospheric electron density can be
attrltwted directly to the rocket propellant
@hissions durino launch.

ml 1 I 1 1 1 1 1 )
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Figure 1
Meitur@d total electron contmt’ vs tlsw fol-
lowing Skylab 1 launch on llnc=of-sight from
Saqammre Hill 9bse,votory to ArS-3; mdcl tom.
putatlon of TEC VI tfm for Iamc llna-of-sfght
for ths 24 hours p eceding ati 4 Itourmfollowing
thr Skylab lmnch. 5

Because of the DotPntlal impacts of these
depletions on trlecomunications systens, LOS

AlarnosNational 5ClentlflC Laboratory and Sandia
Laboratories jOlntlY sponsored tw rocket ●=p@r-
Iments (code-rimed L#gopedo) to Investigate the
expect~d chemistry modifications Produced hy H 5

f5 The experiments generated ionospher cand CO .
?deplet ons by many of the saIW Processes that

ore active follouing the dermsition sf rocket-
propellant emission products; consequently, t~e
Lagopedo data are directly pertinent to t~e SF:
prohlem. The rockets’ exploslve Dayloads de~o-
sited detonation rroducts H20, C02, afd hz Intc
the F-region Ionosphere.

BotF experiments successfully Droducec iono-
spheric depletions. The flrsc ●xperiment, fired
in local day?iqht, produced a visible ice C1OUL
as a reSUlt of adiabatic ●xpansion of the H-C
which ●xpanded to a diameter of over ]IX!’km
within 30 s. The cloud was visible due to scat-
tered sunlight. No cloud was seen ir t~- second
shot, fired after local sunset. BotlIreleases

{
were accompan ed b) measurable a rqlcm erIisslons

Iat 6300 A [0( [)1and 5577 A [0( S)].

It Is also probable that the Iaunc} of laroe
spacecraft produces similar global disturba~ces
of ●lectron density in the ionosphere. At
observation poirris approximately 200: kr fror
thu launrhing site, fluctuations In el;ctron
d~nsi’y of 5 to 102 w~re detected followl~# th:
ltunch of Soyuz 19 and Apollo spacecraft.
Cecrease in density tiesrecorded several Finutes
+fter @aCP launch, followed b) a quasiperlodic
recovery with a period of about 90 minutez and
persisting fnr several hours. Ihltirle reflec-
tions of HF radio waves were observed du”iag the
ionospheric disturbance?, Thrse disturbances
rese~le the Ionospheric response follow! I sud-
den Comencmment of a magnetic Itorn.

The High-Energy Astrophysical ~serv-tory
satel~ite HEAO-C was launched from Cape Cara-
v~ral at 05311G’!T‘0030 Ioctl time) on September
20, 1979, aboard .in Atlas-C@ntaur rocket. The
launch trajectory, which was 8;ws* due eBSt-
ward, wal ur,usual in that the Centaur sQcond-
st;ge wgims burned to an altitude of 466 km,
d~positlllg large quantici@L of exhaust gales
directly into the r-lhycr. [experimentalcbser-
VttlOnt c~,lfirmcdthat, as predicted Py computer
models, a Slgn!ficant F-lajer depl?tlon did
ocCur over a rq!on ro~ghly 60C km in north-
south @xt@nt. Tie d~plction pfirsljtcduntil
dfiwn. HiQh-altltu~e density profiles meisured
using the Ar@cibo (bsepvttory Incoherent-scatter
ridtr IndicatPd tha’ ●lQctron dw’isity fn
mQn@fc-fluE tubw dirrctly connected to the
dcploted rqion khowd no apparent rocket-
inducad changes.

Prsdlrtlons for SPS
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being constructed to predict the effects of the
HLLV launches envisio d as part of the SPS

Ytransportation system. Preliminary results
fndicate the potential for substantial reduction
of the total ionosphere, as shown In Fig. 2.

X(hm)

Figure 2
Computed concentration contours3 for H20, H2 and
@lectrons (nutier Der cubic centimeter) 2.4
hours after”a hypotl,~ticalI{LLVorbit circulari-
zation burn over the Phfltppfne Islands. The
Cross-sectional Vfew is perpendtcular to thr
orbftdl PIane end parallel to the magnetic meri-
dfon PIone looking back along the trajectory,
The orfginal c~haust deposition was fn the c@n-
tral plane x = 2000 km, and extends 1400-kfn
lengthwtse tn that PIane.

A‘+$?”‘LLVsecond‘t’ge “OU’d?’”’tabout7.8 n 10 H O moleculei and 2.4 x 1)3 tk2mole-
culer. If a!1 of thest molecules went I#o the
F-1ayer, they COUId recti( ne 1.8 x 10 ton-
el●ctron ptlrt, or about tw{ce the mnnber pre-
smt in the enttre global fonospherc, However,
bcfort reaching any catastrophic conclusions,
the ttmospherfc models must Include ●ccurate
treatments of dlffusion, gravitational set,tling,

and convection effects, as well as a r?alistic
description of the HLLV launch trajectory and
associated vehicle effluents.

These 1arge-seale Ionospheric depletions
COU1d have many consequences. Decreases in
Ionospheric electron density will directly
affeet high-frequency (HF) telecomwnicati ons
systems that depend on radio waves reflecting
fron the ionosphere. Additlonai impacts arc
much more speculative. The Ionosphericelectron
temperature profile, electric conductivities,
and wave-particle interactions will be affected
to some extent. The ionosphere-magnetosphere
C01Jplin9may bQ altered and satellite drao nay
increase. Aurora? behavior and airglow intensi-
ties could also change.

Several potentially serious environmeotdl
impacts may acconpany these modification; of
ionospheric structure and behavior. In addition
to direct HF radio-wave effects, ch~noes in th~
ionospheric propagation propertie$ of other
electromagnetic waves may lead to impacts on
many telecocwwnications system. The role of
solar-terrestrial coupling in triggering cli-
matic changes is not ytt well-understood; how-
ever, several th~ories suggest that changes in
the upper atmospheric conductivity and corwsi-
tion may lead to climate modifications. All of
these possibilities, as well as mlny others,
must be studied in much greater detail before we
commit curselves to constructing solar-power
satellites.

Ionosphere-kicrowave Interactions

Fnhancf?dElectron Heatin~

The collisional heat”lng and cooling pro-
cesses of the ionospheric plasma are all deps+r,-
dent on the electron tWIlJI?r8~Urt?. For s~ffi-
cientl.v strnnq ~adiation, tht rate of heating
may increase much faster than the no”nal coolina
interactions, init!atlng a rbpid increas? in the
electron temperature that continues until com-
pensating processes set in that linit the tem-
perature rise. The net result is a phenomenon
origi ally described as an electron thermal run-
away.7 he now understand that the compensating
processes that se’urate the heating develop
quickly enough to preclude an ectunl runaway in
eltctron temperature, although significantly en-
hanced electron heating can occur. This heating
then can affect the electron-ion recombination
rates, changing ionospheric der,sities,or driv@
secondary nonlin~er ionosphere-microwave inter-
actions, further dtsturhing th? ambient plas-
ma, Thtse disturbances can produce potentially
sertous teleconrnuntcat{onsimpacts.

Electron Heating Theory, Holway and MeltZ,’
Investlgatlng he effects of strong radio-wave
heating- of free electrons fn the-low~r iono-
spher~, ffrst introduced the conctpt of an elec-
tron temperature runtway. However, because
their calculations ne91Qctpd several fmportant
ionospheric cooling mechanism, th?ir rtsult$
are nOt Wantftatively bccurate and do not pre-
dict an electron temperature saturation limit.
A computation of electron heat{ng within the SPS
microwave beam WPS described recently by Perkins
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and ?oble,a includlna a cc+mrehenslve rmdel for
the dom{nanl c@lllslonal coolinq proc?s$es.
Th?ir results represent the first thorough
analysis of the effects of a thermal runaway in
the ionosphere, Including a $tPadV-Stdte solu-
tion for the electron temperature. Additional

ftudlrs hav? verified this anal sis and cxtendtd
the results to lowr altitudes.

4

The plpctror rnprgy ●~uation Ir the iono-
sph~re can be e~lrfssed as

(e)

wh~r~ n is the electron number density, k is
@@l tzra;n’s constant, dTe/dt is the ●rate of
chanoc of the ?lectron tcmp?rature, c is the
heat source f~ncticn, and Q“ describes the

VO~JPP brat lossrs. Clearly, whenever the

enerav input exceed; the cooling losses, thp
electror terneratu-e musL increase. sbrfl-
clently Stronc ohnlc heating can produce a
ccntinuojsly Increasing electron tenperaturf,
J~t~ratfnQ Onl, al sone Icvpl where the fn-
crpascd o~r,c heatlnq i! balancpfl by additional

cooil~ @l.ocesses. -

The rate cf ~nerqj input to the atmcsDhrrlc
fre( electron.. resulting frm the absorption of
ricrowave or rafliofreauency radiation can be
attrihbte: ertlrel~ ,! to oklc h?atinQ, alv?n by

whfre f is the wave •l~,ctric fie’ld amrl ltude, fr

is th. local plasnafrpoucr,cy, f Is the electlo~

maqne:ic uavr freouencj, anb \
plectrvr-(cn and cl rctron-neutr3 Wol’fl’,;;: f;::

Cu?ocirs. In th? 1ow?r lonc<phert, thf

e ?cYrcn-nrutral
co’’’’’Ori L

freauency dcninates
anfi can Fr arrrc~im?tal hy

wherq n(t!) is th? total Fol?.ular number den$lt]
(cm- I bnd Tc i! the tlectron t?mpcraturc (K).

A; tt,e elect ron$ aaln energy fror tpe micro -
wavti or frcrr \olar U\! radiatfon, thry a\\o 10S?
cncrqy by colll!lon~ with a!oms and m]?cu~?l of

tl’c background gas. Ir, the colliilon-domi nat?d
lower Ior]otph?rc, thermal corductlo,l II not an
Importanr- cooling Wchdn,lm. ihe most cffcctiv?
kinds of @nprgy transfer c~llision$ arr inclat.
tic intrr~cticns with 02 and k2, produc(ng rota-
tfOnJl cnd vibrational cxcltatlon, and [~)lli.
tions with atomi~- oxygtn, ~rodjclr, g Qycitaticn
of hyperfinc l?VCIJ of th~ P ground stat?, In
th? upp?r atmsphrrt, Ih?rmal conduction Is Chc
orlnclpdl cool (ng process, rapidl diffu!ing
.XCCII h?at along tht gcunagnrtic field ~int}.

com~etlnn @rocc$\e5 IS called the hratlnQ tine
scale, After the Ionospheric wlr,d har Swert
this plasma beyond the hcatinq bear, the elec-
tron temperature relaxes to its anblent level on
a coolf,g time scale that Is not very d, fferent
frcm lt~ hcatlng countr ,art. In the lo~cr
ionosphere, both heating and cooling eaulllhrla

tre reached In tens of milliseconds or less.

Relevant Cb\ervations. No present facili-
ties can :ont inuou!lj ~rafii ate the ionosphere

at the SPS frequency of 2.45 jHz with the 5F:
power-flux denc{ty of 23 m\:/cn . Tr Lfnstruct
sljch a facillty wula be extrenelv c:ll,~. hfik-
●vcr, at lrast for the study of lcrosDhere-
microwave interactions, this does net seer
necessary. The SPS frrouency is many times

gr?ater than normal pl asma fr~ouencies in tple

ionosphere?, which are tyDically smaller tbar
10 MHz and usually do not exceed 2C Mhz. There-
fore, resonant Ionospher?-nlcrcwa )e interactions
arc not expected to occur. Insteao, thernal

forces $hould drive any phencnena t~l>l

develop. As can b? seen in Ea. (9), t~is
hedtinq scales Inverselv as the sauare of

freaue~cy. Thu!, by u$lng low?r er~erlnental
wave fre~uencl?s but still avotdina resonant

interacticnj, the SPS microwave bear can be
accurately $imula!ed at much )owcr radlatoc

Dowers,

Initial tests of the enhanced elf- tror

heatin~ theorv wtre madt in twc scr!{ Cf
erp?rinental ;tudl?s using the 43CI.VHZ Iadar

Stm of the Arecfbo %serva nry
~itronomy and lono!pht!~ Center),

~1 (hallofisl
Prelinlnary

re$!ll t! measured on)y abcut ]OOK Incrra\rs 1.
~l?ctron tmpcraturc at ItlU-kn altitude fcr SFS-
cauivaltnt pow?r, Connarcd to theoretical

heating prrdictians cf tvcral tines Lbl$.
[xDPriM?ntA) re$ults ar? sho n in FIQ, 3. The

4“~-
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heatino pulse length for this experiment was
Iinited to 10 ms. Although this is several
tines the normal heating time constant, we dis-
covered that the enhanced heating time scale is
nonlinearly denendent on the heating power-flux
density. lieu time-dependent heating calculti-
tions yield Predictions in general a~~~em;t
with the experimental observations. .
tion, unexpected natural variability in th?
ionospheric behavior was observed to affect the
heatinq bdlance. No explanation for this varia-
bility is yet.available.

A detailed research progrm is planned usinrj
hiqh-freouency (HF) ionospheric ItrOdifiCatiOn
facilities at Arecib~, p~>rto Rico, and pla~te-
ville, Colora?o. These facilities currently
produce SPS-equivalent hedt!nq only in the D-
region ionosphere. but anticipated upgrrairq
will extend this to cover all ionospheric
heiohts. Studies to determir,ethe threshold and
magnitude of ionosphere-microwave interactions
and to demonstrate the validfty of extrapolating
retults of these frequency- and power-.caled
experiments to the SPS microwave bean will be
complemented by representative genetic telecom-
munications tests desfgned to directly demor-
s?rate the ionospheric interactions impacts on
cormunicatiors systems. If necessary, this re-
search will also investigate pos~ible Impact
ritiqation strategifis.

Predictions for SPS, At the SPS fr~quency
of ~~~~shoid power-flux density
for producing signi’!icantnonlinear heijtingis
now thougfitto be apnruximately 40 mw/c#. tlow-
ever, even for smdll power fluxes, enhanced
electron heating is predicted to occur, as shown
in Ffg. 4. This he$tfn~ is Pestrfcted to the
neighborhood of the microwa~e beam.
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F{uure 4
Contours fiftl?coreti~ollycslculattd @lcctron
temperature over Bouldw, Colorado for mtcrowdve
htotfng by tht solar power setcllite oower
btcm. Tht dtshcd I{nts glvt the botm dirtction
ard thQ lfght tolfd llnts tndfcat~ the g~omag.
notlc flcld dlrtction (from P@rktn8 and Roble,

Large electron temperature ii’Ci’eaSe5in the
ionosphere may produce several important envi-
roninentalefftcts. Enhanced electron tempera-
tures will incr~ase Hf radio-wave absorption in
the lower ionosphere. The associated thernal
forces can drive potentially serious nonlinear
interactions, resulting in beam self-focusing
and furt!)erdevelopment of ionospheric irrequ.
larities. If yenerated, thest irregularities can
scatter HE, VHF, and UHF radio waves, producing
widespread communications interference on me y
systems using transionospherir propagation,fd
In addition, accompanying changes in ionospheric
density dnd condu,-tlvity nay induce clinate
modifications through effe;ts on upDer-

;~::;:;::13
solar-terrestrial couplina

Despite identification of these ~otent~al
erwironmental irrpacts,much more research is
needed be*ore tflydefinitive statements can be
made, At this point in our very liinit~d .tudics,
no significant envirorwental impacts associated
Wit+ enhanced ionospheric i,eating htve b~en
●xperimentally demonstrated.

On the basis of these preliminary experi-
mental results, we believe the instability
threshold fcu SP5 excitation of nonlinear iono-
spheric interactions is greater tnarlthe current
nicrowtve b ‘m power.flux density oesign l+~ft

fof 23 1#/CPl,

Collective Plasma Phenomena— .—

Differential ohmic heat!rg of the ionosphere
gives rise to electron temperature gradients,
convective plasma motions, anfl macroscopic
thermal forces capable of ekctting plasrrainsta-
bilities, The lar~e-scale ionospheric responses
to these induced heating eft’ectscan generally
bc tiescribpd a> collective plasma phenomena.
This large-scale pldsma beF~vior is driven by
dynamic m~croscoric thermal forc~s, as opposel
to the ,flicroscopickinetics of resistive keating
effects.

Berm Self-Focusing Thecr~, A considerable@
amount of 3ttention has recent?v been d{recteo
nt wave stlf-focusing, a nlacrosc;picplasma phe-
nmenon. Natural density fluctuations cause
small variations in t!leinj?x cf refraction of a
plasma, re:!ultlng{n a sllgnt focusing #nd defo-
Cusirg of 8n Ql@ctromagnetic wave propagating
thro~gh th? medium. The tlectric-field inten-
sity incrcaret as the fncident wave refracts
into regions of c~fratlvely Isnderdense plas-
rca. nd the @lrctr;~-fieldOhm{c h~atin\5 & ~rfve Plnsma from
ponderomotlve forct
th?se focutcd rqion$, amplifying the Initial
pwturbatlon, This s~lf-focusing proc~ss con-
ttnues until hyorodynsmfc equilibrium is
rtached, crtating ff~ld-aliftn~d striations
uithln the plasma. This proctss is illustr~t?d
schamatica~ly in Fig. 5,

Ttsw!nal self-focustng has hcen $hown to
dwclop at much luuer power fluxts than these

omottw forc,li
rcqufr~d for s f=focu”fng drfvcn by the pMder-

TWmal s~lf-focusin theorfe:
!arc currmtly llmitcd to thrtshold cs culations

ond usuclly Involvt gaawtric rmtrfctionso In
1978),

6
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figure 5
Schematic description of the thermal self-
focusing process. Increased electron heating tn
the focused regions produces a temperature gra-
dient thot drfves plasma out of the region,
furt\er focusing the b~am.

the m~gnetic meridian plane, the thermal self-
fo sing threshold power flux can be expresseda5!Y

Pthresh(ww
:(6 H/F)(106/n)3 (To/1000 K)4(f/2.4 GHz)3CF ,

(11)

where n Is the ambient electron d~nsity, To Is
the ambient electron temperature, f i; the
mfcrowave freauency, and CF Is roughly unity,
depending on ~patial and temporal growth
rates. Thfs e~presslon is valid for und~rdense
ionospheric heating (f > f ), which is the case

?for the SPS ionosphere-mic owave interactions.

It is not possible to determine a threshold
power in the usual sense for thermal self-
focusing because the instability threshold power
depends nonlinearly on the excited strfation
width. As the fncident power fluk fncreases,
smaller striations can btcosneunstable. AlSO,
th~ power flux necessary to amplify any portt-
cular striation sfze b~cmnes very small when the
self-focusing beam nearly pa;allels the geomag-
netic fteld. The instabil~ty thrmhold dep~nds
on the cube of the lncfde~t wave frequency, so
that once ag~fn SPS-equivalent experiments ctn
bc conducted at lowtr heating fr~qucncies with
much less radiated power,

R~lcvant Obaervatiolls. 1hermal
focusing of hf9h

self-
-fr~quency Qloctromagnetic

radiation has been observed in ovcrdonsc iono-
spheric modtf~catfon @Rp@rimcnts. These obser-
vctiont wIII bo extcndtd to the appropriate
ul,dtrdenscr@ginw in similar cnperlmerststche-
dultd for tlscnsar ikturt. The ovtrdcnse sslf-
focusing inatchfliti~rn tre observed to develop

with the theoreticall~ predicted
fields, ‘hres’”lllscale lengths, and growth rates.
Associated density irregularities form on time
scales of seconds to tens of seconds and decay
on time scales of minutes.

A schanatic of a self-focusing experiment
conducted at the Arecibo Observatory is shown in
Fig. 6. Results of this study, presented in
Fig. 7, indicate that the rmasured striation
widths agree with the theoretical predictions of

;se~lL
km for the experimental parameters

However, the themdl self-focusing
theory predicts that all Irregularities with
widths of 1 km and greater should be anpli-
fied. Apparently the saturation state of the
self-focustng instability preferentially selects
the smallest striation width compatible uitl a
given threshold power fur growth. In the plane
perpendicular to the magnetic field, the stria-
tion ~~ths are predicted to be approximately
500 m,

‘ga~~ ‘n~l~~~lef~[~~”~l;t;~;~ti~l~observations.
due to the field self-focusina are experi-
mentally estimated at about 5% of the ndtural
background density.

Rodw

baom

Figure 6
The experimental configuration for incoherent
backscatter radar ma~ping of plasma striations,
attributed to thermal $rlf-fo;using. Radar
scans across the interaction region yield two-
dimensional measurements of the local ●lectric
field strenqth.

In addition to thoa~ largt-scale elcctron-
denaity Irrcgulcritlcs, ovcrdcnte ionospheric

‘Qht’n’ ‘a ‘bat’vod ‘0 ~rW&:;;s:;:;(mater-8fzQ) plasma striations.
.r, b,licved to b, pr~ccd throuoh wn? type of
resonant interaction, cnd thus arc not prc-
dfctwl to be oacitud by the SPS microwave
radiation.

Ptedicttons for SPS, Thtrmal #@if-focusing—...
ia WPQC(UI to c:cur for the SPS microwav~ oow~r
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FiQure 7
Experimental observa~ions of wave self-
focusfng. The top ffgure shows the backscat-
tered sfqnal modulation tnduced by the natural
drift of self-focusing striations through the
ftxed radar bean. The lower f~gure presents a
series of striations as observed from rapid
scanning of the radar beam across the fnterac-
tton region immedtctely after the drift measure-
ments. The dashed curve estimates the unstri-
ated beam.

density striations, and the magnitude of the
density fluctuations withtn these lrregularl-
tleso Best estimates are that tht’solar-Power
satellite microwave beam should excfte iono-
spheric striations with scale sizes of about
100 m and densfty fluctuations of An/n
. lot,l’ These irregularities may cause sctn-
~illation of radio waves using translonospher{c
propagation, Includtng the SPS pf?ot beam. In
addltton, HF radfo waves w{ll undergo multiple
r@flectlons tn the striated region. The modi-
fied Ionosphere wfll resemble a natural spread-F
onvlronment.

If short-scale plasma striations develop in
this region, much more serious and wide-rangfng
cmanunlcatlons @ff*cts may occur. Coherent
scattering of HF, VHF, and UHF rad{o waves can
produce Interference fn many telecomznfcatfons
systems, Includlng television and radfo. Oe-
taflcd enperfmental studtes scaled to sPs-
oqufvalence me planned to vwify the intt!al
predictions that such short-scale plbsma strib-
ttons will not be generated In the SPS mtcrowave
basin.

Conclusions

Althouqh we have presented a simplistic
review of a number of distinct ionospheric
phenomena, It is clear that for a complete
evaluation of the solar-power satellite impacts,
we must investigate a complex, coupled set of
problems. HLLV propellant emissions may produce
large depletions in the ionospheric electron
density; collisional damping of the SPS micro-
wave beam will significantly enhance electron
temperatures in the lower ie$;c~sphere;bean self-
focusino can generate large-scale density irre-
gularities in the uoper ionosphere. In addition
to their independently assessed effects, the
interactive nature of these phenomena must be
considered. A comprehen:.+veresearch progran to
perfom .he SPS environmental impact assessment
has been organized and is being administered by

the US Department of Energy.

Historically in the study of ionospheric
physics, theory has been relatively poor at pre-
dicting experimental results, although quick to
explain observations once they have been nade.
For this reason, it is premature to draw conclu-
sions based on the ionospheric studies to
date. Although theoretical investigations have
identified several potentially serious SPS
environmental impacts, no effects have yet been
experimentally demonstrated. Furthermore, we
cannot extrapolate the results of c~rrent iono-
spheric research IO the SPS studies without also
verifying the theoretical assumptions that those
extrapolations are based cn. All of these con-
sideret,ionshave been incorporated into the DoE
research prograr plan. In addition to directly
measuring the environme~ital impacts of iono-
spheric HLLV emissions and SPS-equivalent iono-
spheric heating, this program is designed to
determine the physics of tht interactive mechan-
isms driving these effects. Uith this approach,,
the proposed ionospheric re$earch will yield a
thorough understanding of the environmental im-
pacts associated with the solar-power satellite
construction and operation.
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